ABSTRACT: Oxygen vacancies have been implicitly assumed isolated ones, and understanding oxide materials possibly containing oxygen vacancies remains elusive within the scheme of the isolated vacancies, although the oxygen vacancies have been playing a decisive role in oxide materials. Here, we report the presence of oxygen vacancy linear clusters and their orientation along a specific crystallographic direction in SrTiO 3 , a representative of a perovskite oxide. The presence of the linear clusters and associated electron localization was revealed by an electronic structure represented in the increase in the Ti 2+ valence state or corresponding Ti 3d 2 electronic configuration along with divacancy cluster model analysis and transport measurement. The orientation of the linear clusters along the [001] direction in perovskite SrTiO 3 was verified by further X-ray diffuse scattering analysis. Because SrTiO 3 is an archetypical perovskite oxide, the vacancy linear clustering with the specific aligned direction and electron localization can be extended to a wide variety of the perovskite oxides.
O xygen vacancy is one of the fundamental and intrinsic defects in oxides and has displayed critical impacts in the evolution of the physical properties. Moreover, oxygen vacancies are easily introduced into the oxides via various processes such as growth and annealing in reducing atmospheres. In general, two electrons are left behind upon creation of an oxygen vacancy. Those electrons are expected to increase with the oxygen deficiency, and the character of the electrons, either extended or localized, primarily determines a very initial direction in further evolution of physical properties where the electrons are coupled with electronic and crystal structures. Thus, a fundamental understanding of oxygen vacancies is critical for further progress toward oxide material understanding and electronic devices.
Perovskite oxides with a simple cubic crystal system constitute an important class of oxides exhibiting a wide variety of electronic and magnetic properties. The high-T c superconductivity, 1,2 exotic magnetism, 3, 4 metal−insulator transition, 5 large dielectric response, 6 and ferroelectricity 7 are prominent examples. Its simple crystal structure leads to many common structural features but various physical properties and thus allows for extensive study. Particularly, SrTiO 3 (STO) is a representative perovskite oxide in a sense that it has many common structural features but exhibits a huge variety of physical phenomena/properties not only from itself but also by doping with defects or interfacing with other perovskite oxides. Various defects including intrinsic (e.g., oxygen vacancy 8−12 ) and extrinsic (La, 13−15 Nb 16−19 ) have been studied. Among them, self-doping by oxygen vacancies is of great importance because the oxygen vacancy has critical impacts on the wide spectrum of phenomena, such as the insulator-to-metal transition, 20, 21 30 Thus, STO is a good platform to investigate the phenomena relevant to oxygen vacancy in the perovskite oxide.
Once oxygen vacancy is introduced into STO, a primary concern is to find out the character of the doped electron by oxygen, which immediately affects the transport properties of the oxygen-deficient STO. Gong et al. reported that the carrier density of reduced STO increased linearly with the oxygen vacancy concentration.
12 That is, the oxygen vacancy was singly ionized. Because the two electrons are left behind upon creation of an oxygen vacancy, this behavior was explained in a two-band model where band electrons have very large effective mass in one of the two bands and the oxygen vacancies are implicitly assumed to be an isolated defect (Figure 1a) . However, the carrier density tended to level off at a highly reduced state, 12 which could not be explained successfully by the singly ionized state. In our previous study by first-principles, we reported that the oxygen vacancies in highly reduced SrTiO 3−δ tended to cluster in a linear way such as oxygen divacancies or linear clusters (Figure 1b) , accompanied by electron localization. 31 The oxygen vacancy clustering resulted in a flat band in a forbidden gap and consequently electron localization, which successfully explained the behavior of the carrier density in highly reduced STO. The photoluminescence found in reduced STO 32 could be also explained by defect states in a forbidden gap, while reorientation of pairs of vacancies 33 and inhomogeneous character 34 were suggested. Transmission electron microscopy of (SrTiO 3 ) m /(SrTiO 3−δ ) n superlattices also showed the possibility of defect clustering. 35 Vacancy ordering was also reported in degraded BaTiO 3. 36 Thus, further experimental studies are needed to clarify the oxygen vacancy clustering in reduced STO. The previous first-principles study suggested that in the divacancy or linear cluster the electron localization occurs at the Ti ions located between oxygen vacancies, named an apical oxygen divacancy, leading to the change in electronic configuration from 3d 0 to 3d 2 , with localized states in the band gap. Correspondingly, the valence state of the Ti ion is expected to change from +4 to +2. In this study, the carrier density behavior of the reduced STO thin films was studied with low-temperature postannealing, and the electronic state of the Ti ion was examined by photoemission spectroscopy to clarify the electronic state of the Ti ion. Further, diffuse X-ray scattering was used to verify the presence of the vacancy clusters and their crystallographic orientation. We report on the experimental verification of oxygen vacancy clustering and electron localization in perovskite STO.
STO thin films (100 nm thick) were deposited by pulsed laser deposition (PLD) on a MgO(001) substrate at an ambient oxygen pressure in the range from 10 −7 to 10 −4 Torr while the substrate temperature was kept at 700°C to obtain the oxygen deficiency. After deposition, all samples were fast cooled at the same deposition oxygen pressure to maintain the oxygen deficiency. When the ambient oxygen pressure became lower than 10 −5 Torr, the STO films began to show a light gray color and simultaneously became conductive with large carrier densities, whereas STO films made at high ambient oxygen pressures became an insulator and transparent. Thus, the ambient oxygen pressure was kept at 10 −7 Torr. First, the oxygen deficiency was examined by varying a cooling rate of the oxygen-deficient STO films. Equilibrium oxygen pressure during the cooling is far below the cooling oxygen pressure, causing the reduced STO films to be oxidized through oxygen vacancy migration during the cooling. This oxidation is well represented in the carrier density behavior with a cooling rate, shown in Figure S1 . The faster the cooling rate, the higher the carrier density. The fast-cooled STO films had a carrier density of 6.7 × 10 20 cm
. The high carrier densities in the reduced STO films ensured that the fast-cooled STO films contained a large concentration of oxygen vacancy.
Once highly reduced STO films were obtained, postannealing treatment was performed at an oxygen pressure of 10
Torr and temperatures ranging from 200 to 550°C, where the local rearrangement and/or migration of the oxygen vacancies are expected to occur during the annealing treatment. The local rearrangement could induce oxygen vacancy clustering without significant changes in the oxygen vacancy concentration, while migration could lead to oxygen exchange between the air and the film surface and a large change in the oxygen vacancy concentration. The freeze-in temperature (T F ) 37, 38 was reported in oxide materials, where the oxygen exchange between the gas phase and oxides cannot occur readily below T F . The oxygen vacancy (or cluster) migration will be greatly suppressed below T F by the high activation energies (0.6−1.2 eV) in STO. 27, 39 The postannealing temperature was intended to range from 200 to 550°C to include the freeze-in temperature. The duration of the postannealing treatment was also varied from 20 to 60 min, and the resulting carrier density of the annealed STO films was measured with the annealing time. Figure 2 shows the change in the carrier density of SrTiO 3−δ thin films with the postannealing temperature and time. The carrier density tended to decrease with increasing annealing temperature and time. The oxygen pressure (10 −2 Torr) of the postannealing is much larger than the equilibrium oxygen pressure in the annealing temperature region. Therefore, the decrease in the carrier density is attributable to either the change in oxygen vacancy concentration or local rearrangement of the oxygen vacancy. Two different temperature regimes with a crossover temperature (T cr ) were found in the behavior of the carrier density with temperature. Below 440°C, the carrier density decreased gradually with the annealing time and did not change further in annealing time longer than 60 min. Above 440°C, the carrier density decreased rapidly with the annealing time, which is clearly seen at an annealing time of 60 min in Figure 2 . Such high annealing temperatures above 440°C allow easy oxygen vacancy migration, resulting in oxidation of the reduced STO films in an oxidizing environment and a correspondingly significant decrease in the carrier density. At annealing temperatures above 600°C, the carrier density was too low to measure and became similar to that of stoichiometric STO films. It is noted that this T cr (440°C) is in a similar region as the freeze-in temperatures. 37, 38 Electron paramagnetic resonance (EPR) study also showed that low-temperature annealing resulted in a small change in the oxygen vacancy concentration, while high-temperature annealing caused a significant change of the oxygen vacancy concentration, which could be attributed to the dependence of oxygen vacancy migration on temperature. 40 Therefore, the postannealing at such low temperatures below 440°C may not allow the long-range migration of oxygen vacancies, but the local rearrangement leading to vacancy clustering would be possible. The previous first-principles calculation on SrTiO 3−δ showed that the carrier density was in the range from δ/2 to δ per unit volume, while the carrier density of a singly ionized and isolated oxygen vacancy is expected to be δ. 31 Then, a gradual decrease in carrier density with annealing time is understood in terms of the progressive clustering, accompanied by electron localization. Once the two different regimes were observed clearly in the carrier density behavior with the annealing temperature and time, the crossover temperature T cr was also estimated using a divacancy model (see more detail in the Supporting Information). The model assumes that vacancies tend to cluster below T cr due to the interaction between the vacancies, and the vacancies become an isolated form above T cr due to the dominance of the thermal entropy effect. T cr is compared with that obtained from the carrier density behavior shown in Figure 2 .
In the model, the changes in the free energy ΔF 1 and ΔF 2 of the oxygen-deficient STO containing isolated oxygen vacancies and divacancies per unit cell, respectively, from the perfect crystal are expressed by the following relations
where m is the number of unit cell in STO, δ is the concentration of the oxygen vacancy deficiency, ε is the interaction energy (or binding energy) of two oxygen vacancies in a divacancy form, E 0 is the internal energy of the isolated oxygen vacancy, and Ω is the number of configurations of the isolated oxygen vacancies or divacancies in the oxygen lattice sites of m unit cells. The interaction energy ε of 0.35 eV was obtained from extrapolation of the carrier density change at low temperatures (inset of Figure 2 and Supporting Information section A). This is similar to the value obtained from the firstprinciples calculation. 31 From the equilibrium condition (ΔF 1 = ΔF 2 ), the crossover temperature is expressed as a function of the oxygen deficiency δ by the following equation (see more detail in the Supporting Information): 
T cr obtained at δ = 0.04 is 437°C, which is in good agreement with the crossover temperature (440°C) obtained from the carrier density measurement, as shown in Figure 2 . The value of δ = 0.04 was extracted from fast-cooled films by Hall measurement. It is again worth mentioning that the crossover temperature is close to the freeze-in temperatures in perovskite oxides. 38 Therefore, contrary to the rapid decay of the carrier density of STO films annealed at high temperatures, the oxygen vacancy clustering successfully explains the gradual decrease in the carrier density of STO films annealed at low temperatures below T cr .
Once oxygen vacancy clusters form, Ti ions located between the apical oxygen vacancies receive two electrons from each apical oxygen vacancies, resulting in the 3d 2 electronic configuration of the Ti ion. Therefore, the electronic configuration of Ti is another important indication of the oxygen vacancy clustering, in addition to the carrier density behavior. The electronic configuration of Ti 3d in the oxygendeficient STO films annealed at low temperatures (e.g., 250°C, low enough to induce only local rearrangement of the oxygen vacancy and possibly clustering) was investigated by highresolution photoemission spectroscopy (HR-PES) and was compared with fast-cooled STO films that are expected to exist primarily as an isolated form. Figure 3 shows Ti 3p spectra of the fast-cooled SrTiO 3−δ thin film before and after postannealing at a low temperature (250°C, 60 min). The deconvolution of the spectra into Ti 4+ (A), Ti 3+ (B), and Ti 2+ (C) clearly indicates that the intensity corresponding to the Ti 2+ state (C) increases after the annealing. The Ti 2+ valence state corresponds to a 3d 2 electronic configuration. As described above, an electron is transferred from each apical oxygen vacancy to a Ti ion located between the apical oxygen divacancy and linear cluster. This leads to a localized state with an electronic configuration of Ti 3d 2 because the Ti ion accepts two electrons from the oxygen vacancies, while the electronic configuration of Ti 3d 1 (or Ti 3+ valence state) exists in an isolated oxygen vacancy form. Therefore, the increase in the intensity of the Ti 2+ valence state after low-temperature annealing is a consequence of the oxygen vacancy clustering in a linear way accompanied by strong electron localization at the Ti site.
PES spectra covering a wide range of binding energies including a gap state as well as Ti 3p, Sr 4p, and the O 2p-derived valence band, are also shown in Figure S3 . The valence band maximum consists of mostly O 2p, which is well recognized as a common feature in transition metal oxides. Compared with stoichiometric STO, an additional peak appears above the valence band (or within a forbidden band) in the SrTiO 3−δ thin films in both the as-deposited and annealed states. The additional peak is attributed to a localized state in electronic configurations (i.e., Ti 3+ and V 3+ valence states). Although the highly reduced STO films were fast-cooled in the deposition chamber after deposition, the cooling was not fast at low temperatures due to low thermal conductions at low cooling pressures. The fast-cooled STO films are very likely to have some amount of oxygen vacancy clusters, which is supported by the PES result before annealing showing the Ti 2+ valence state in the fast-cooled STO films.
To examine the presence and aligned direction of oxygen vacancy clustering, we also performed diffuse X-ray scattering to look for further structural evidence. Figure 4 shows reciprocal space maps around the (−101) Bragg reflection for postannealed films at 350°C. The distinct line shape patterns horizontally extending across both H and K directions near the Bragg peak suggest a 2D planar feature in the reciprocal space volume, which can be attributed to the linear clustering of oxygen vacancies along the crystallographic [001] direction in real space. In contrast, the as-grown films do not show the linear feature ( Figure S4 ).
In conclusion, we experimentally verified oxygen vacancy clustering and ensuing electron localization in highly reduced SrTiO 3−δ thin films by carrier density measurement, photoemission spectroscopy, and diffuse X-ray scattering. When the highly reduced SrTiO 3−δ thin films were postannealed at temperatures (below 440°C) sufficiently low to allow local realignment of oxygen vacancies but not their long-range migration, the carrier density of the SrTiO 3−δ thin films was gradually reduced by annealing treatment. This transport behavior results from electron localization through the oxygen vacancy clustering in a linear way. Photoemission spectroscopy study shows that the Ti 2+ valence state of the highly reduced SrTiO 3−δ thin films increases after low-temperature annealing, verifying the oxygen vacancy clustering in a linear manner. Diffuse X-ray scattering analysis also indicates the presence of the linear clusters and further reveals the orientation of the linear clusters along the specific geometric [001] direction in a perovskite oxide. This study demonstrates experimental evidence of the oxygen vacancy clustering in STO. This result can be extended to a wide variety of perovskite oxides because STO is an archetypal perovskite oxide in terms of their physical phenomena and properties. Therefore, this study will provide a new aspect in understanding oxides with defects.
■ EXPERIMENTAL METHODS
Sample Preparation. We used the PLD technique (KrF excimer laser, λ = 248 nm) to synthesize all SrTiO 3−δ samples studied in this work. The substrate used for film deposition is 5 × 5 mm 2 MgO(001). The stoichiometric STO target was used while an ambient oxygen pressure of 10 −7 Torr was used to induce oxygen deficiency in STO thin films. The film thickness was kept at 100 nm, which was estimated from reflection highenergy electron diffraction (RHEED) oscillations.
Transport Characterization. The Hall measurement was carried out by the four-probe dc technique in the Van der Pauw geometry. The carrier density was determined by n = 1/ (t·e·R H ), where t is the thickness of the film and R H is the measured 2D Hall coefficient. For the Hall measurements, the magnetic field H was varied between ±0.55 T.
Photoemission Spectroscopy. HR-PES at the Pohang Light Source (PAL, 8A2 HR-PES beamline equipped with an electron analyzer (SES100, Gamma-Data Scienta)) was used for this experiment. The measurement was performed in an ultrahigh vacuum (UHV) chamber with a base pressure of 5 × 10
−10
Torr. The binding energies of the spectra and Fermi level were calibrated with respect to the binding energy of the Au foil. The PES spectra are sensitive to surface morphology and contamination, which requires sputtering to clean a sample surface of contamination followed by annealing to make the sample surface smooth from roughening of the sample surface. However, in our study, the sputtering alone was carried out to clean the sample surface in a condition not to induce nonstoichiometry at the sample surface because annealing can influence the electronic state of the sample, that is, Ti valence states. Despite the sputtering not being followed by annealing, sample surfaces were kept smooth within the rms roughness of 0.4 nm after the sputtering (see more detail in the Supporting Information).
X-ray Dif f use Scattering Characterization. X-ray diffuse scattering measurements were performed on a five-circle diffractometer with χ-circle geometry using an X-ray energy 
